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The  combination  of  biomass  gasification  with  solid  oxide  fuel  cells  (SOFCs)  is  gaining  increasing  interest 
as  an  efficient  and  environmentally  benign  method  of  producing  electricity  and  heat.  However,  tars  in  the 
gas  stream  arising  from  the  gasification  of  biomass  material  can  deposit  carbon  on  the  SOFC  anode,  having 
detrimental  effects  to  the  life  cycle  and  operational  characteristics  of  the  fuel  cell.  This  work  examines 
the  impact  of  biomass  gasification  syngas  components  combined  with  benzene  as  a  model  tar,  on  carbon 
formation  on  Ni/CGO  (gadolinium-doped  ceria)  SOFC  anodes.  Thermodynamic  calculations  suggest  that 
SOFCs  operating  at  temperatures  >  750  °C  are  not  susceptible  to  carbon  deposition  from  a  typical  biomass 
gasification  syngas  containing  15  gm-3  benzene. 

However,  intermediate  temperature  SOFCs  operating  at  temperatures  <  650 °C  require  threshold  cur¬ 
rent  densities  well  above  what  is  technologically  achievable  to  inhibit  the  effects  of  carbon  deposition. 
SOFC  anodes  have  been  shown  to  withstand  tar  levels  of  2-1 5  g  m~3  benzene  at  765  °C  for  3  h  at  a  current 
density  of  300  mA  cm-2,  with  negligible  impact  on  the  electrochemical  performance  of  the  anode.  Fur¬ 
thermore,  no  carbon  could  be  detected  on  the  anode  at  this  current  density  when  benzene  levels  were 
<5  gm-3. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  formation  of  carbon  deposits  on  SOFC  anodes  can  lead  to 
severe  anode  degradation  and  irreversible  damage  [1  ].  Carbon  for¬ 
mation  from  tar  species  can  be  minimized  by  anode  morphology, 
and  operating  parameters  such  as  steam  and  current  density  [2]. 
However  the  impact  of  H2,  C02,  CO,  and  CH4  combined  with  tar  in 
the  gas  stream  on  SOFC  anodes  is  not  well  understood.  CO  and  CH4 
present  in  the  syngas  can  be  directly  oxidized  as  fuel  in  the  SOFC, 
though  hydrogen  oxidation  is  kinetically  favoured.  However  CO  and 
CH4  can  form  carbon  by  CO  disproportionation  and  CH4  decompo¬ 
sition  under  thermodynamically  favourable  operating  conditions 
of  low  O/C  ratios.  C02,  as  well  as  steam,  can  have  a  positive  impact 
on  decreasing  the  amount  of  carbon  deposition  through  reforming 
reactions,  discussed  further  in  the  following. 

2.2.  Internal  reforming  of  syngas  species 

The  high  operating  temperatures  of  SOFCs  and  catalytic  activ¬ 
ity  of  nickel  based  anodes  make  them  ideal  for  direct  internal 
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reforming  of  hydrocarbon  based  fuels.  Carbon  formation  can  occur 
however,  deactivating  the  catalyst,  and  reducing  fuel  cell  perfor¬ 
mance  if  the  O/C  ratio  is  too  low. 

Steam  and  C02  are  commonly  used  to  reform  hydrocarbons  to 
H2  and  CO.  Reforming  of  methane  (Eq.  (1))  and  other  hydrocarbon 
based  fuels,  such  as  benzene  in  this  study  (Eq.  (2)),  utilizing  C02 


occurs  through  the  following  reactions: 

CH4  +  C02  **  2CO  +  2H2  AH^xn  =  247  1<J  mol'1  (1 ) 

C6H6  +  6C02  12CO  +  3H2  AH;?!3  =  952  kJ  mol'1  (2) 

and  by  steam  reforming  in  Eqs.  (3)  and  (4): 

CH4  +  H20  ^  CO  +  3H2  AH?!!  =  206  kJ  mol'1  (3) 

C6H6  +  6H20  6CO  +  6H2  AH?!?  =  705  kJ  mol'1  (4) 


There  are  several  side  reactions  that  could  result  in  carbon  depo¬ 
sition  on  the  fuel  cell  anode.  Carbon  formation  can  occur  via  the 
decomposition  of  carbonaceous  fuel  such  as  CH4  and  C6H6  (Eq.  (5)) 
and  from  the  reverse  Boudouard  reaction  (Eq.  (6)). 

CxHy  4>xC  +  ^H2  (5) 

2 

2CO  ++  C  +  C02  AH?X9!  =  -173  kJ  mol'1  (6) 


5028 


J.  Mermelstein  et  al.  /  Journal  of  Power  Sources  196  ( 201 1 )  5027-5034 


Methane  decomposition  is  favoured  at  high  temperatures, 
whereas  the  Boudouard  reaction  is  favoured  at  lower  temperatures 
(T<650°C)  approaching  that  of  intermediate  temperature  SOFCs 
[3-5].  The  production  of  H2  and  CO  can  be  affected  by  the  reverse 
water  gas  shift  (RWGS)  reaction  (Eq.  (7)),  methanation  (Eq.  (8)), 
and  steam  reforming  (Eq.  (3))  from  the  production  of  water  in  Eqs. 
(7)  and  (8),  which  will  compete  with  C02  reforming,  affecting  the 
H2/CO  ratio  [6]. 

C02  +  H2  ++  CO  +  H20  AH298  =  41 .2  kj  mol-1  (7) 

C02  +4H2  ++  CH4  +  2H20  AH298  =  -164.9  kj  mol'1  (8) 

These  side  reactions  become  important  in  understanding  the 
mechanism  of  tar  reforming  at  the  anode  of  SOFCs  by  the  addition  of 
C02  and  steam,  when  these  are  used  to  suppress  carbon  formation. 

The  deactivation  of  catalysts  and  active  sites  within  a  SOFC 
anode  cermet  by  carbon  deposition  is  of  great  concern  when 
reforming  hydrocarbon  based  fuels.  Carbon  formation  has  been 
found  to  be  more  severe  with  dry  reforming,  particularly  because 
of  the  low  H/C  ratios  found  in  the  feed  gas  [7-9].  Dry  reforming 
between  700  and  850  °C  can  lead  to  vermicular  whisker  carbon  and 
graphitic  platelets  [10],  which  are  more  tightly  bound  and  harder 
to  remove  from  the  catalyst. 

An  increase  in  the  current  density  within  the  SOFC  corresponds 
to  an  increase  in  oxygen  ion  transport  across  the  electrolyte  from 
the  cathode  to  anode.  This  allows  several  key  reforming  and  elec¬ 
trochemical  oxidation  reactions  to  take  place  at  the  anode  under 
load,  as  shown  below: 


H2  +  O2' 

H20  +  2e 

A  lj298 
AHrxn 

=  -242 1<J  mol  1 

(9) 

CO  +  O2' 

**  C02  +  2e 

A  lj298 
AHrxn 

=  -283  kj  mol'1 

(10) 

C  +  O2'  ^  CO  +  2e“ 

a  o298 
AHrxn  = 

-111  kj  mol'1 

(11) 

C  +  202' 

C02  +  4e 

A  lj298 

AHrxn 

=  -394  kj  mol'1 

(12) 

CH4  +  O2 

‘  CO  +  2H2  +  2e 

AH298  =  -37  kj  mol'1 

(13) 

C6H6  +  1502'  6C02  +  3H20  +  30e“  AH^98  =  -3170kJ  mol'1 

(14) 

It  is  suggested  by  Moon  and  Ryu  [11]  that  the  electrochemical 
oxidation  reactions  (9)  and  (10)  are  faster  than  the  dry  reforming 
reaction  (1).  This  suggests  that  CO  and  H2  are  produced  through 
the  reforming  of  CH4  and  used  to  produce  electricity  through  the 
electrochemical  oxidation  reactions  (9)  and  (10)  [11,12],  while  the 
electrochemical  oxidation  of  methane  (13)  is  not  likely  to  occur 
unless  the  ratio  of  CH4/C02  » 1  [12].  In  the  case  of  tar  utilization 
in  this  study,  the  tar  to  oxidant  level  is  <1,  such  that  the  increase 
in  performance  of  the  fuel  cell  anode,  as  implied  above,  would  not 
be  attributed  to  direct  oxidation  of  the  tar,  but  rather  to  the  direct 
oxidation  of  CO  and  H2  produced  through  internal  reforming  of  the 
tar  at  the  anode. 

Nonetheless,  the  interaction  of  tar  species  with  syngas  species 
(H2,  C02,  CO,  CH4),  CH4  decomposition,  and  CO  disproportionation 
can  lead  to  significant  carbon  deposition,  causing  deterioration  of 
the  anode  [1].  Increased  current  density  results  in  a  higher  flux  of 
oxygen  ions  to  be  transferred  from  cathode  to  anode,  allowing  for 
increased  partial  oxidation  of  carbon  (Eqs.  (1 1 )  and  (12))  [2,12-14]. 
Partial  oxidation  of  carbonaceous  species  is  most  efficient  above  the 
threshold  current  density,  at  which  carbon  formation  is  no  longer 
thermodynamically  predicted  [2,15,16]. 


2.2.  Interaction  of  steam  and  C02  reforming 

One  of  the  major  problems  in  the  reforming  of  hydrocarbon 
based  fuels  with  C02  is  the  rapid  rate  in  which  carbon  formation 
occurs  with  low  steam  content  [17,18].  In  the  case  of  C02  methane 
reforming,  carbon  deposition  is  drastically  reduced  when  steam 
and  C02  reforming  are  carried  out  simultaneously  [17].  However  it 
is  known  that  the  adsorption  of  C02  competes  with  the  adsorption 
of  steam  and  hydrocarbons  involved  with  steam  reforming,  inhibit¬ 
ing  the  overall  steam  reforming  reaction  [19,20],  which  may  affect 
the  steam  reforming  of  tars  in  the  gas  stream. 

Tars  and  hydrocarbon  species  undergo  catalytic  decomposition 
[21-23]  at  the  operating  temperature  of  SOFCs.  Inhibition  of  this 
mechanism  from  sufficiently  high  C02  adsorption  on  the  catalyst 
could  lead  to  gas  phase  pyrolysis  of  tar  and  other  hydrocarbons 
in  the  syngas,  catalyzed  by  steam  [24,25],  and  carbon  formation 
by  free  radical  gas  phase  condensation  reactions  [26]  that  could 
additionally  lead  to  the  growth  of  higher  molecular  weight  poly¬ 
aromatic  hydrocarbons  (PAHs)  that  condense  on  the  catalyst  as 
amorphous  char  type  carbon,  discussed  in  Refs.  [27,28].  It  is  there¬ 
fore  important  to  understand  the  interaction  of  each  of  the  syngas 
components  with  tar  to  determine  their  effect  on  carbon  formation 
and  fuel  cell  operation.  This  study  looks  at  the  subsequent  addition 
of  each  of  the  syngas  components,  H2,  C02,  CO,  and  CH4,  on  car¬ 
bon  formation  on  Ni/CGO  powder  and  Ni/CGO  anodes  operating  at 
765  °C  at  open  circuit  and  under  load.  Thermodynamic  predictions 
are  compared  with  experimental  results  to  suggest  operational 
parameters  such  as  syngas  composition,  temperature,  and  current 
density  to  suppress  the  formation  of  carbon  when  fuel  cells  are 
exposed  to  syngas  containing  tar. 

2.  Experimental 

2. 2 .  Experimental  set-up 

A  SOFC  test  station  using  2  types  of  experiments  has  been  devel¬ 
oped  to  test  the  carbon  deposition  characteristics  of  synthetically 
generated  biomass  gasification  tars  over  anode  materials  in  a  fixed 
bed  reactor,  and  tar  effects  on  SOFC  button  cells,  as  shown  in 
Fig.  1.  Typical  biomass  gasification  syngas  is  synthetically  gener¬ 
ated  using  pure  N2,  H2,  CO,  C02,  and  methane  (purity  >99.995%, 
BOC  gases)  and  mixed  to  the  desired  partial  pressures  at  a  flow 
rate  of  100  ml  min-1  via  a  Fideris  FCTS  GMET  mass  flow  control 
unit.  The  gas  mixture,  excluding  C02,  was  passed  through  a  water 
bath  for  gas  humidification,  or  directly  to  a  heated  line  to  study 
the  effect  that  dry  gas  has  on  the  system.  C02  was  mixed  sepa¬ 
rately  downstream  of  the  humidifier  to  avoid  dissolution  into  the 
water.  Synthetic  model  tar  (benzene)  was  fed  into  the  heated  line 
via  a  syringe  pump  (KD  Scientific),  producing  a  tar  concentration 
of  2-15gNm~3.  A  portion  of  the  tar  injection  line  was  heated  to 
a  temperature  slightly  above  the  boiling  point  of  the  model  tar 
(85  °C  for  benzene)  to  allow  vaporization  of  the  tar  species  into 
the  gas  phase  and  mixing  with  the  incoming  syngas.  Downstream, 
depending  on  the  type  of  experiment,  the  tar-containing  syngas 
was  fed  to  a  heated  furnace  containing  either  a  quartz  tube  reactor 
used  to  quantify  carbon  formation  on  SOFC  anode  materials,  or  a 
SOFC  to  measure  the  change  in  anode  performance  after  exposure 
to  model  tar  compounds  under  different  operating  conditions.  The 
discharge  from  the  reactor  or  SOFC  was  sent  to  a  mass  spectrometer 
and/or  gas  chromatograph  for  gas  stream  analysis.  Inlet  and  outlet 
baseline  concentrations  were  measured  using  a  mass  spectrome¬ 
ter  while  gas  flowed  through  a  blank  quartz  tube  reactor  or  a  blank 
alumina  tube  similar  to  that  used  in  the  fuel  cell  test  apparatus. 
The  results  showed  insignificant  changes  in  baseline  concentration 
indicating  thermal  decomposition  of  benzene  was  not  occurring. 
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Fig.  1.  Schematic  illustration  of  the  SOFC  test  station. 


2.2.  Fixed  bed  reactor  experiments 

A  NiO/CGO  (gadolinium-doped  ceria)  powder  was  derived  from 
an  existing  screen  printable  ink  sourced  from  Fuel  Cell  Materials 
containing  50%  nickel  by  weight,  an  average  particle  size  (d50)  of 
0.34  p>m,  and  a  surface  area  of  7.59  m2  g-1.  The  ink  was  first  dried 
at  250  °C  for  2  h  and  milled  to  form  a  fine  powder.  The  powder  was 
then  calcined  in  air  at  1300  °C  for  3  h  and  sieved  to  a  particle  size 
of  250  |jim. 

40  mg  of  unreduced  anode  material  was  lightly  compressed 
between  two  pieces  of  quartz  wool  in  the  6  mm  OD  quartz  tube 
reactor.  The  material  was  heated  to  a  typical  SOFC  operating  tem¬ 
perature  of  765  °C  at  a  rate  of  1 0  °C  min-1  in  dry  nitrogen.  Reduction 
took  place  by  exposing  the  material  at  temperature  in  2.5%  humid¬ 
ified  steam  and  5%  H2  for  30  min,  then  increasing  to  25%  H2  over 
a  period  of  30  min  at  a  flow  rate  of  50  ml  min-1.  The  sample  was 
then  held  in  25%  H2  for  30  min.  After  reduction,  flow  was  increased 
to  100  ml  min-1  and  the  hydrogen  concentration  changed  to  the 
experimental  operating  conditions  of  15%  H2  and  the  appropri¬ 
ate  steam  content.  Samples  were  exposed  to  syngas  and  benzene 
model  tar  for  1  h.  The  benzene  concentration  was  monitored  con¬ 
tinuously  via  an  online  mass  spectrometer  (Thermo  Fisher  Prolab). 
The  downstream  gas  composition  (C02,  CH4,  and  CO)  was  analyzed 
by  gas  chromatography  (Varian  3600)  after  20  min  and  55  min.  At 
the  end  of  the  experiment,  the  reactor  was  cooled  to  room  temper¬ 
ature  in  dry  15%  H2  balance  N2. 


2.3.  Temperature  programmed  oxidation 

Temperature  programmed  oxidation  (TPO)  of  the  sample  was 
done  in  situ  to  determine  the  quantity  of  carbon  deposited  on  the 
anode  material  used  in  fixed  bed  reactor  experiments,  assuming 
total  oxidation  of  carbon  to  C02.  Oxidation  of  the  carbon  was  driven 
by  flowing  80  ml  min-1  of  a  2%  02  balance  argon  gas  (purity  ±2%, 
BOC  gases)  to  the  reactor  with  a  heating  rate  of  10°Cmin-1  from 
room  temperature  to  900  °C.  A  Thermo  Fisher  Pro  Lab  mass  spec¬ 
trometer  was  used  to  monitor  C02,  CO,  02,  and  other  minor 
constituents  in  the  effluent  gas  stream.  A  calibration  curve  was 
made  by  diluting  a  mixture  of  1%  C02  balance  argon  (purity  ±2%, 
BOC  gases)  with  argon  (purity  99.999%,  BOC  gases)  from  0.05%  to 
0.5%  C02  and  relating  this  to  the  mass  intensity  as  measured  by  the 
mass  spectrometer. 


2.4.  SOFC  button  cell  preparation 

An  electrolyte  supported  button  cell  was  prepared  in  order  to 
assess  anode  performance  under  varying  load  and  steam  conditions 
in  the  presence  of  biomass  gasification  model  tars.  Yttria-stabilized 
zirconia  (YSZ)  pellets  were  prepared  by  pressing  3  g  of  YSZ  (TZ-8Y 
Zirconia,  Tosoh  Corporation)  powder  at  1  tonne  pressure  for  30  s, 
before  firing  at  1450  °C  for  5h  at  a  ramp  rate  of  5°Cmin-1.  The 
pellets  were  polished  using  1200  grit  polishing  paper  to  ensure 
uniform  thickness  of  ~1.4mm  prior  to  screen  printing  the  anode 
and  cathode  on  the  electrolyte.  Nickel  oxide  cermet  ink  (50:50 
NiO/CGO  by  weight,  FuelCellMaterials,  USA)  as  the  anode,  and 
LSM-YSZ  (50:50  (Lao.soSro.2o)o.98  Mn03_;J(Y203)o.o8(Zr02)o.92  by 
weight,  FuelCellMaterials,  USA)  as  the  cathode  and  reference  elec¬ 
trode,  were  screen  printed  (error  of  ±125  p>m  in  the  placement  of 
electrode  geometries)  and  fired  sequentially  at  1 300  °C  and  1 1 50  °C 
respectively.  The  anode  was  a  circular  disk  1 .1  cm  in  diameter  with 
a  cross  sectional  area  of  0.95  cm2  and  the  cathode  was  an  identical 
circular  disk,  surrounded  by  a  reference  electrode  with  an  internal 
diameter  of  17  mm,  and  an  external  diameter  of  19  mm. 

2.5.  SOFC  performance  testing 

The  fuel  cells  were  tested  in  a  3-electrode  button  fuel  cell  test 
unit  capable  of  testing  fuel  cells  with  diameters  of  22-30  mm  that 
was  placed  within  the  heated  furnace  of  the  test  station  described 
above.  A  description  of  the  button  cell  test  unit  can  be  found  in  Offer 
et  al.,  and  Mermelstein  et  al.  [  1 ,29].  The  cell  was  taken  up  to  an  oper¬ 
ating  temperature  of  765  °C  at  a  ramp  rate  of  7.5  °C  min-1  with  the 
anode  side  exposed  to  an  inert  atmosphere.  Anode  reduction  took 
place  by  exposing  the  catalyst  at  operating  temperature  in  2.5% 
humidified  steam  and  5%  H2  for  30  min,  then  increasing  incremen¬ 
tally  to  25%  H2  balance  N2  over  a  period  of  30  min  at  a  flow  rate  of 
50  ml  min-1 .  The  sample  was  then  held  in  25%  H2  for  30  min.  After 
reduction,  flow  was  increased  to  100  ml  min-1  and  the  hydrogen 
concentration  changed  to  the  experimental  operating  conditions 
of  15%  H2  and  the  experiment’s  appropriate  steam  content.  For 
the  electrochemical  measurements,  an  Autolab  PGSTAT302  (Eco 
Chemie  BV,  The  Netherlands)  with  an  FRA  module  was  used  as 
described  in  Mermelstein  et  al.  [2].  During  closed  circuit  opera¬ 
tion,  the  anode  was  held  galvanostatically  at  100-300  mA cm-2, 
while  measuring  the  anode  potential.  In  this  study,  anode  poten¬ 
tial  is  expressed  as  the  uncorrected  potential  difference  between 
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Fig.  2.  The  effects  of  CO2  on  suppressing  carbon  formation  in  a  typical  biomass 
gasification  syngas  containing  15%  H2,  25%  CO,  0-10%  CO2, 2%  CH4  (balance  N2)  and 
1 5  g  m- 3  benzene  as  a  model  tar  in  dry  and  5%  steam  conditions  calculated  by  Gibbs 
free  energy  minimization  at  765  °C  using  a  flow  rate  of  100  ml  min-1. 

the  anode  and  reference  electrode.  Autolab  FRA  and  GPES  software 
was  used  to  log  and  analyze  the  measurements. 

3.  Results 

3.2.  Thermodynamic  analysis  of  boundary  conditions  for  carbon 
formation  for  SOFCs  operating  on  biomass  gasification  syngas 
containing  benzene  model  tar 

In  order  to  operate  SOFCs  on  syngas  containing  tar  compounds, 
it  is  important  to  understand  the  boundary  conditions  under  which 
carbon  formation  can  occur  under  different  operating  conditions, 
and  where  to  operate  the  fuel  cell  such  that  carbon  formation 
is  suppressed,  preventing  unwanted  anode  degradation.  Thermo¬ 
dynamic  calculations  were  made  using  HSC  Chemistry  software 
(version  5.11,  Outokumpu  Research  Oy,  Finland)  [30]  with  typi¬ 
cal  syngas  containing  components  of  15%  H2,  25%  CO,  0-10%  C02, 
2%  CH4,  and  0-5%  H20  and  tar  levels  varying  from  0  to  15  gm-3 
at  temperatures  from  600  to  800  °C,  typical  SOFC  operating  con¬ 
ditions.  The  elemental  composition  used  for  the  tar  was  that  of 
benzene.  Using  Faraday’s  law,  the  amount  of  oxygen  supplied  to 
the  anode  was  calculated  to  determine  the  threshold  current  den¬ 
sity  to  suppress  carbon  formation  arising  from  tar  in  a  typical 
biomass  gasification  syngas  operating  under  different  tar  loading 
conditions. 

As  with  steam,  sufficient  levels  of  C02  are  required  for  dry 
reforming  such  that  the  O/C  ratio  exceeds  the  thermodynamic 
threshold  for  carbon  formation.  The  calculated  effects  of  C02  in  the 
syngas  on  suppressing  carbon  formation  are  shown  in  Fig.  2  for  a 
dry  syngas  containing  1 5%  H2, 25%  CO,  2%  CH4, 0-10%  C02, 1 5  g  m-3 
benzene  with  the  balance  as  N2  at  765  °C,  operating  at  open  cir¬ 
cuit.  The  presence  of  C02  in  the  gas  stream  leads  to  a  predicted 
decrease  in  carbon  formation,  which  is  shown  to  be  completely 
suppressed  at  C02  concentrations  exceeding  9%  in  dry  conditions. 
This  was  reduced  to  <3%  using  5%  steam,  typical  of  the  output  from 
a  biomass  gasifier.  This  may  suggest  that  an  SOFC  can  operate  dry  in 
the  presence  of  tars<  15gm~3  with  a  typical  biomass  gasification 
syngas  containing  10%  C02.  However  as  will  be  shown  in  Section 

3.2,  thermodynamic  calculations  do  not  explain  the  carbon  forma¬ 
tion  observed  experimentally  when  competing  reactions  of  C02 
and  steam  reforming  are  involved.  The  following  does  tell  us  that 


Fig.  3.  Threshold  temperature  dependence  of  carbon  formation  in  a  typical  biomass 
gasification  syngas  containing  15%  H2, 25%  CO,  10%  CO2, 2%  CH4,  and  up  to  15  gm-3 
benzene  as  a  model  tar  in  5%  steam  and  dry  conditions. 

the  additional  presence  of  syngas  components  prone  to  decompose 
into  carbon,  require  higher  concentrations  of  oxidative  agents  to 
reduce  the  effects  of  carbon  formation,  whether  this  be  steam,  C02, 
or  oxygen  supplied  to  the  anode  under  load. 

Though  calculations  show  that  a  typical  biomass  gasification 
syngas  can  operate  with  tars  at  temperatures  greater  than  750  °C, 
operating  at  lower  temperatures  can  promote  carbon  formation.  At 
temperatures  up  to  ~800  °C,  tars  and  hydrocarbon  species  undergo 
catalytic  decomposition  into  carbon  [21-23].  Carbon  formation 
becomes  less  thermodynamically  stable  with  increased  tempera¬ 
ture  to  a  minimum  value  in  the  operating  range  of  high  temperature 
SOFCs  (~800°C)  [31,32].  The  increase  in  temperature  allows  for 
increased  oxidation  of  carbon  and  higher  conversion  of  the  tar 
associated  with  increased  CO  [33].  Higher  temperatures  can  facil¬ 
itate  higher  tar  conversion  [21,33,34],  however  further  increases 
in  temperature  to  regions  >  1000  °C  can  lead  to  polymerization  of 
tar  compounds  into  larger  PAHs  [22,23,35,36].  This  causes  the  con¬ 
densation  of  the  higher  molecular  weight  products  and,  inevitably, 
increased  carbon  formation.  Therefore  fuel  cell  operating  tempera¬ 
ture  plays  an  important  role  in  determining  the  likelihood  of  carbon 
formation.  This  is  shown  in  Fig.  3  where  the  boundary  conditions 
for  carbon  formation  are  shown  at  different  operating  temper¬ 
atures  in  both  dry  syngas,  and  syngas  containing  5%  steam,  for 
different  tar  concentrations.  Thermodynamics  predicts  carbon  for¬ 
mation  is  likely  at  temperatures  above  the  lines  shown.  Hence,  as 
shown  in  Fig.  3,  a  typical  dry  syngas  containing  15%  H2,  25%  CO, 
10%  C02,  and  2%  CH4  at  an  operating  temperature  of  765  °C  con¬ 
taining  1 5  g  m-3  tar,  is  above  the  temperature  threshold  for  carbon 
formation— which  sits  at  ~750°C.  Higher  concentrations  of  tars  in 
the  syngas  will  require  higher  operating  temperatures  to  convert 
tar  to  syngas  components  rather  than  carbon.  A  typical  syngas  may 
contain  5%  steam,  which  drops  the  carbon  formation  boundary 
temperature  by  ~40°C  across  all  concentrations  of  tar  in  the  gas 
stream. 

In  some  cases,  the  preferred  operating  temperature  for  a  given 
SOFC  may  be  in  the  region  where  carbon  formation  is  thermody¬ 
namically  favoured.  Under  these  conditions  the  fuel  cell  must  be 
operated  above  a  threshold  current  density  which  supplies  suffi¬ 
cient  oxygen  to  the  anode  for  complete  oxidation  of  carbon  formed 
from  the  catalytic  decomposition  of  tar.  Faraday’s  law  was  used  to 
calculate  the  moles  of  oxygen  supplied  to  the  anode  for  a  given 
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Fig.  4.  Calculated  threshold  current  densities  as  a  function  of  operating  temperature 
to  suppress  carbon  formation  in  dry  conditions  for  fuel  cells  operating  in  0-15  g  m-3 
benzene  as  model  tar. 

current  density.  Using  HSC  Chemistry,  the  threshold  current  den¬ 
sity  was  determined  in  dry  conditions  by  calculating  the  current 
density  at  which  carbon  formation  is  no  longer  stable.  These  values 
are  plotted  in  Fig.  4  as  a  function  of  fuel  cell  operating  temperature 
and  different  tar  concentrations  in  a  typical  biomass  gasification 
syngas.  It  is  clear  that  a  decrease  in  the  tar  concentration  requires 
a  smaller  current  density  to  suppress  carbon.  However  as  shown 
in  Fig.  3,  carbon  formation  can  occur  in  the  absence  of  tar  at  tem¬ 
peratures  <715  °C  in  dry  conditions  and  <685  °C  in  5%  steam.  In 
cases  of  intermediate  temperature  (IT)  SOFCs  that  operate  near 
600  °C,  threshold  current  densities  are  required  between  2.8  A  cm-2 
and  3.6  A  cm-2  for  0  to  15  grrr3  tar  respectively.  These  values  are 
below  the  threshold  for  re-oxidation  of  Ni  to  NiO  as  shown  in  Ref. 
[30],  where  the  Ni-NiO  transition  exists  at  a  current  density  of 
6.7  A  cm-2  (po2  =  1CT20  bar).  However,  such  high  current  densities 
are  not  readily  achievable  with  current  SOFC  technology,  certainly 
not  without  accompanying  performance  loss  over  time,  as  it  has 
been  shown  that  cell  degradation  increases  above  1  A  cm-2  [37]. 
Therefore  it  is  evident  that  commercially  available  nickel  based 
intermediate  temperature  SOFCs  are  not  appropriate  for  operating 
on  the  typical  biomass  gasification  syngas  described  in  this  paper, 
regardless  of  tar  concentration,  unless  high  concentrations  of  steam 
are  supplied  to  the  anode. 

3.2.  Influence  of  syngas  components  on  carbon  formation  from 
tar  over  Ni/CGO  powder 

As  previously  discussed  [30],  tar  is  condensed  on  the  surface 
of  the  catalyst  with  steam  until  it  is  completely  converted  to  CO 
and  C02.  The  competition  between  C02  (in  the  syngas)  and  steam 
adsorption  for  reforming  of  tar  and  syngas  components  could  have 
an  effect  on  syngas  conversion  and  reactions  leading  to  deposition 
of  carbon.  Additionally,  the  condensation  of  tar  on  the  anode  may 
inhibit  reforming  of  CH4  and  CO  in  the  syngas.  Therefore,  the  for¬ 
mation  of  carbon  on  Ni/CGO  powder  and  conversion  of  benzene 
exposed  to  gas  containing  the  following  mixtures  in  Table  1  were 
compared. 

Table  2  shows  the  conversion  of  15 gm-3  benzene,  fed  to  the 
reactor,  to  carbon  on  a  basis  of  102  |xlh_1  (90  mg/1  h)  and  carbon 
deposition  as  measured  by  TPO  as  a  function  of  gas  composition. 
Conversion  was  highest  with  H2  only.  This  was  mainly  because  the 
primary  chemical  reaction  involved  on  the  catalyst  was  benzene 


Table  1 

Syngas  mixtures.3 


(1) 

15%  H2 

(2) 

15%  H2, 10%  C02 

(3) 

15%  H2, 10%  C02,  25%  CO 

(4) 

15%  H2, 10%  C02,  25%  CO,  2%  CH4 

3  All  mixtures  contain  5%  steam  balance  N2. 


steam  reforming.  C02,  as  discussed  above,  adsorbs  onto  the  cata¬ 
lyst,  competing  with  steam  reforming  and  therefore  it  may  have 
had  an  adverse  effect  on  the  catalysts  ability  to  steam  reform  ben¬ 
zene.  Conversion  increased  slightly  with  the  addition  of  CO,  and 
further  with  the  addition  of  CH4.  This  may  be  the  result  of  CO 
and  CH4  reacting  with  steam  (SMR,  WGSR)  and  C02  reformation 
of  CH4  (reaction  (1))  in  the  gas  phase  reducing  possible  inhibiting 
effects  caused  by  C02  adsorption,  increasing  the  catalytic  activity 
for  benzene  conversion,  although  further  studies  would  be  needed 
to  confirm  this.  Furthermore,  the  decomposition  of  methane  at 
these  operating  temperatures,  as  discussed  below,  is  known  to  form 
free  radicals  and  products  that  interact  with  benzene  to  form  larger 
PAHs  [27,28,38-46]  resulting  in  an  increase  in  benzene  conversion. 

Fig.  5  shows  the  evolution  of  C02  during  TPO  from  the  oxida¬ 
tion  of  carbon  formed  on  36  mg  Ni/CGO  powder  exposed  to  the 
syngas  mixtures  described  in  Table  1,  with  the  amount  of  carbon 
formed,  as  measured  by  TPO,  in  Table  2.  For  each  syngas  mixture 
tested  in  Table  1 ,  carbon  formation  was  not  detected  in  the  absence 
of  tar.  TPO  results  in  Fig.  5  show  the  presence  of  one  main  peak 
at  ~680-700°C  for  each  syngas  composition,  indicating  the  pres¬ 
ence  of  amorphous  char  type  carbon.  As  shown  in  Table  2,  carbon 
is  decreased  with  the  addition  of  C02  to  the  syngas  in  mixture  (2). 

The  addition  of  CO  in  mixture  (3)  led  to  an  increase  in  carbon 
formation.  Although  there  is  the  possibility  that  the  presence  of 
tar  inhibits  the  WGSR  [47,48],  leading  to  CO  disproportionation 
increasing  carbon  formation,  the  Boudouard  equilibrium  at  high 
temperatures  is  shifted  to  the  left  for  the  reaction  2CO  C02  +  C 
[49]  with  maximum  carbon  formation  peaking  at  500  °C  on  Ni/YSZ 
anode  material  [50].  Therefore  the  increase  in  carbon  may  be 
attributed  to  the  reduction  in  steam  available  for  reforming  of  ben¬ 
zene  as  a  result  of  the  WGS  reaction. 

As  in  the  case  of  CO,  steam  reforming  of  CH4  added  to  the  syn¬ 
gas  may  have  contributed  to  a  decrease  in  the  steam  available  for 
reforming  of  benzene,  increasing  carbon  formation.  Additionally, 
the  large  increase  in  carbon  formation  from  the  addition  of  CH4  is 
both  characteristic  of  CH4  decomposition  at  these  operating  tem¬ 
peratures  and  of  PAH  polymerization  and  condensation  as  soot 
resulting  from  the  interaction  of  CH4  decomposition  products  and 
benzene  [27,28,38-46].  CH4  pyrolysis  has  been  extensively  studied 
with  much  attention  drawn  to  acetylene  selectivity,  which  is  maxi¬ 
mized  in  H2  environments  such  as  those  used  in  these  experiments 
[39].  Acetylene  has  been  considered  as  a  principal  intermediate  for 

Table  2 

Measured  carbon  deposition  from  TPO  on  36  mg  Ni/CGO  powder  (dp  >  250  |jim)  and 
conversion  of  15 gm-3  benzene  fed  to  the  reactor  operating  at  765 °C  in  syngas 
mixtures  of  H2,  C02,  CO,  and/or  CH4  as  described  in  Table  1. 


Gas  mixture 

Carbon 

deposited 

(mg) 

Benzene 

conversion 

Benzene 

conversion 

to  carbon3 

(1) 

0.459 

45% 

0.51% 

(2) 

0.083 

23% 

0.09% 

(3) 

0.672 

26% 

0.75% 

(4) 

3.5 

32% 

3.9% 

3Note  that  CH4  and  CO  can  contribute  to  carbon  formation  and  it  is  not  known 
how  much  carbon  formed  from  benzene  alone.  Difficulties  exist  in  predicting  the 
rate  of  carbon  formation  for  hydrocarbon  pyrolysis  and  CO  disproportionation  as  it 
strongly  depends  on  thermodynamic  and  kinetic  aspects  of  the  reactions  and  system 
operating  conditions  such  as  gas  composition  [51  ]. 
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Fig.  5.  CO2  fraction  in  the  gas  as  a  function  of  temperature  measured  by  TPO  of  36  mg 
Ni/CGO  powder  (dp  >250  |jim)  exposed  to  syngas  containing  15%  H2, 10%  CO2,  25% 
CO,  and/or  2%  CH4  and  1 5  g  m-3  benzene. 

growth  of  small  PAHs  [38,40]  through  the  mechanism  proposed  by 
Frenklach  [40].  Growth  of  benzene  to  larger  PAHs  thus  involves  the 
addition  of  C2  and  C3  to  PAH  radicals  and  PAH-PAH  radical  recombi¬ 
nation  [27].  The  resulting  carbon  therefore  deposits  on  the  catalyst 
and  is  detected  in  the  region  of  amorphous  char  carbon  during  TPO 
measurements. 

3.3.  Time  dependent  behaviour  ofSOFC  anodes  operating  on  tar 
laden  biomass  gasification  syngas 

It  has  been  shown  that  the  effect  of  carbon  on  the  performance 
of  the  anode  can  be  reduced  by  means  of  steam  reforming  [2,30], 
C02  reforming,  and  partial  oxidation  via  oxygen  ion  transport  from 
increased  current  density  [2].  However  the  impact  of  tars  exposed 
to  the  anode  in  different  compositions  of  gasification  syngas  over 
periods  of  several  hours  is  not  well  known.  2-1 5  gm-3  benzene  as 
model  tar  was  therefore  fed  to  the  anode  of  separate  fuel  cells  for 
3  h  with  the  gas  compositions  discussed  in  Table  1,  operating  at  a 
current  density  of  1 00-300  mA  cm-2  in  5%  humidified  steam. 

The  trends  over  time  for  each  gas  composition  (1-4)  operating 
at  1 00  mA  cm-2  are  shown  in  Fig.  6.  Separate  fuel  cells  were  used  in 
this  study  for  each  current  density,  and  variation  in  the  screen  print¬ 
ing  of  the  electrodes  and  connections  within  the  fuel  cell  test  station 
can  therefore  affect  the  anode  potential  under  load.  However  there 
is  a  clear  trend  in  that  the  addition  of  CO  and  CH4  increased  the 
anode  potential,  indicating  higher  anode  performance.  This  is  con¬ 
sistent  with  results  previously  described  in  Ref.  [2]  where  the 
exposure  to  tars  outside  thermodynamic  limits  for  carbon  forma¬ 
tion  showed  improved  anode  performance  over  30  min  exposures. 
However  at  longer  times  the  anode  began  to  degrade,  with  evi¬ 
dence  of  a  decline  in  anode  potential.  The  maximum  time  the  anode 
was  able  to  operate  in  its  corresponding  syngas  before  degradation 
occurred  is  described  in  Table  3.  The  syngas  containing  only  H2,  N2, 
steam,  and  tar  operated  the  longest,  being  ~140  min  before  degra¬ 
dation  occurred.  The  fuel  cells  operating  in  syngas  containing  C02, 
CO,  and/or  CH4  were  only  able  to  operate  for  ~75  min  before  anode 
performance  began  to  degrade.  The  degradation  in  anode  potential 
at  1 00  mA  cm-2  increased  with  the  subsequent  addition  of  C02 ,  CO, 
and  CH4,  as  shown  in  Table  3.  The  amount  of  degradation  in  anode 
performance  can  also  be  related  to  the  amount  of  carbon  formed 
on  the  anode,  as  shown  in  the  image  in  Fig.  7(A).  Here,  only  a  small 
dusting  of  carbon  is  seen  on  the  surface  of  the  anode  exposed  to 


Fig.  6.  Change  in  Ni/CGO  anode  potential  operating  at  100  mA  cm-2  for  3  h  in  the 
presence  of  15  gm-3  benzene  model  tar  in  syngas  compositions  containing  15%  H2, 
10%  CO2,  25%  CO,  and/or  2%  CH4  as  described  in  Table  1  with  5%  steam  765  °C. 

just  H2  and  tar.  The  addition  of  C02  created  a  ring  like  formation 
of  carbon  around  the  circumference  of  the  anode.  The  addition  of 
CO  to  the  syngas  led  to  moderate  carbon  formation  on  a  majority 
of  the  anode  surface.  Carbon  formation  and  anode  degradation  was 
most  severe  with  the  addition  of  2%  CH4.  A  separate  fuel  cell  was 
operated  on  syngas  containing  all  components  in  these  conditions 
without  tar,  and  carbon  formation  was  not  observed.  Similar  trends 
in  these  results  occurred  with  the  exposure  of  each  syngas  composi¬ 
tion,  with  and  without  tar,  over  Ni/CGO  powder  as  described  earlier. 
This  shows  that  carbon  formation  becomes  even  more  likely  as  we 
move  towards  more  technologically  relevant  gasifier  compositions. 

As  shown  in  Fig.  7(A),  biomass  gasification  tar  concentrations  of 
15 gm-3  are  severely  damaging  under  moderate  current  densities 
of  100  mA  cm-2  for  each  of  the  syngas  compositions  tested.  There¬ 
fore  similar  Ni/CGO  anodes  were  subjected  to  2-1 5 gm-3  benzene 
model  tar  at  a  higher  current  density  of  300  mAcnrr2  (Fig.  8).  The 
higher  current  density  was  used  to  determine  if  the  fuel  cell  could 
operate  without  severe  damage  at  a  high  tar  loading  of  15 gm-3, 
and  to  determine  what  levels  of  tar  the  fuel  cell  might  withstand 
under  longer  term  operation.  As  shown  in  Fig.  8,  the  anode  poten¬ 
tials  were  quite  low,  in  the  range  of -0.25  to  -0.35  V  for  each  anode, 
reflecting  the  relatively  high  polarization  resistance  of  the  anodes 
tested.  Downstream  gas  analysis  showed  that  conversion  of  ben¬ 
zene  was  negligible  (<5%).  It  can  be  seen  in  all  three  cases  that  the 
anode  showed  a  rapid  initial  decrease  in  performance,  followed  by  a 
much  slower  decrease  over  the  duration  of  the  experiment,  tending 
towards  stable  operation,  though  at  a  much  higher  overpotential. 

Visual  inspection  of  the  fuel  cells  in  Fig.  7(B)  and  the  SEM  image 
in  Fig.  9  shows  a  faint  dusting  of  carbon  on  the  surface  of  the  anode 

Table  3 

Maximum  time  the  fuel  cell  was  able  to  operate  at  100  mA  cm-2  before  the  anode 
began  to  degrade,  together  with  the  anode  potential  degradation  from  its  peak  per¬ 
formance  during  exposure  to  15 gm-3  tar  in  syngas  compositions  containing  15% 
H2, 10%  CO2, 25%  CO,  and/or  2%  CH4  as  described  in  Table  1  with  5%  steam  at  765  °C. 


Gas  mixture 

Max  time  before 
anode  degradation 
(min) 

Anode  potential 
degradation  (%) 

(1) 

143 

0.3 

(2) 

81 

0.8 

(3) 

72 

1.13 

(4) 

72 

1.85 
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Fig.  7.  Images  of  carbon  formation  on  Ni/CGO  anodes  after  (A),  3  h  exposure  to  15  gm-3  benzene  model  in  syngas  compositions  of  (1)15%  H2,  (2)  15%  H2  + 10%  CO2,  (3)  15% 
H2  + 10%  C02  +  25%  CO,  (4)  15%  H2  + 10%  CO2  +  25%  CO +  2%  CH4  in  5%  humidified  steam  operating  at  100  mA cm-2  and  (B),  3  h  exposure  to  (1)  15  gm-3,  (2)  5  gm-3,  (3)  2  gm-3 
benzene  model  in  syngas  composition  of  15%  H2  + 10%  CO2  +25%  CO +  2%  CH4  in  5%  humidified  steam  operating  at  300  mA  cm”2  and  765  °C. 


Fig.  8.  Change  in  Ni/CGO  anode  potential  operating  at  300  mA  cm-2  for  3  h  in  the 
presence  of  2-15 gm-3  benzene  model  tar  in  syngas  compositions  containing  15% 
H2, 10%  C02,  25%  CO,  and  2%  CH4. 
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Fig.  9.  SEM  micrographs  showing  agglomerates  of  carbon  sitting  on  the  surface  of 
the  Ni/CGO  anode  exposed  to  1 5  g  m-3  benzene  as  model  tar  in  a  typical  gasification 
syngas  for  3  h  operating  at  300  mA  cm-2  and  765  °C. 


after  exposure  to  15 gm-3  benzene  model  tar.  The  microstructure 
of  the  anode  was  not  damaged  and  small  agglomerates  of  carbon 
were  seen  on  its  surface.  Carbon  formation  was  not  present  after 
exposure  to  2  and  5gm-3  benzene  model  tar.  Differences  before 
and  after  anode  polarization  were  found  to  be  negligible,  however 
there  was  a  slight  increase  in  anode  potential  after  exposure  to 
1 5  g  m-3  tar.  This  may  be  a  result  of  microstructural  changes  occur¬ 
ring  from  very  limited  deposits  of  carbon  on  the  surface  of  the  anode 
affecting  the  conductivity,  but  not  the  electrochemical  response  of 
the  anode  [2]. 


4.  Conclusions 

An  experimental  study  has  been  made  on  the  effect  of  gasifica¬ 
tion  tar  on  the  operation  and  durability  of  high  temperature  SOFC 
anodes  in  typical  biomass  gasification  syngas.  Generally,  steam  and 
CO2  work  in  conjunction  to  reduce  carbon  formation.  However  the 
competition  between  C02  and  steam  adsorption  on  the  catalyst 
with  the  tar,  may  have  an  adverse  effect  on  tar  conversion. 

The  addition  of  CO  and  CH4  increased  the  amount  of  carbon 
deposited  on  the  surface  of  both  the  anode  powder  and  the  SOFC, 
most  significantly  with  the  addition  of  CH4.  It  is  believed  that  the 
additional  carbon  formed  from  CO  was  due  to  a  reduction  in  steam 
available  for  benzene  reforming  as  a  result  of  the  WGS  reaction.  The 
increase  in  carbon  from  CH4  may  be  attributed  to  CH4  decomposi¬ 
tion  to  carbon  and  the  interaction  of  CH4  decomposition  products 
with  benzene  free  radicals  to  form  higher  molecular  weight  PAHs 
that  condense  on  the  anode  material  as  amorphous  char  type  car¬ 
bon. 

Operation  of  the  fuel  cell  at  100  mA  cm-2  showed  that  the  fuel 
cell  could  be  operated  in  the  presence  of  1 5  g  nrr 3  tar  in  H2  without 
measured  degradation  over  3  h,  however  carbon  deposition  was 
present  on  the  anode  in  notable  amounts,  indicating  that  degrada¬ 
tion  would  be  expected  after  longer  times.  The  subsequent  addition 
of  each  syngas  component,  10%  C02,  25%  CO,  and  2%  CH4  caused 
increased  degradation  of  the  anode,  whereas  the  absence  of  tars 
in  the  syngas  did  not  lead  to  carbon  formation.  This  shows  that 
carbon  formation  becomes  more  likely  as  we  move  towards  more 
technologically  relevant  gasification  mixtures. 

Operating  the  fuel  cell  at  300mAcnrr2  over  3h  in  a  typical 
biomass  gasification  syngas  with  <5gm~3  tars  did  not  show  the 
formation  of  carbon,  and  degradation  of  the  anode  may  have  been 
associated  with  the  associated  higher  anode  over-potential.  Some 
minor  carbon  deposition  did  occur  when  the  fuel  cell  was  exposed 
to  15 gm-3  tar.  However,  this  did  not  have  an  effect  on  the  elec¬ 
trochemical  response  of  the  fuel  cell,  although  over  long  term 
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operation,  tar  concentrations  of  the  levels  used  in  this  study  would 
not  be  considered  acceptable  for  SOFC  anodes. 
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